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INTRODUCTION
Soybean [Glycine max (L.) Merrill] growth stages are highly correlated with grain yield, plant height, pod number, and seed weight (Chen et al., 2004) . Therefore, understanding the genetic architecture of growth period traits will be useful for the division of cultivated areas, and rational distribution and molecular breeding of soybean varieties. The growth period of soybean can be divided into the vegetative growth period, from seedling to flowering, and the reproductive growth period, from flowering to maturity. Therefore, flowering is the transition between the two stages that is a critical event in the life cycle of plants.
Soybean is a typically photoperiod-sensitive short-day plant. Photoperiod is the leading climatic factor in determining soybean floral development and adaptation to different eco-regions (Câmara et al., 1997) . Short day lengths can hasten flowering, whereas long day lengths can delay flowering (Kantolic and Slafer, 2007) . Due to their photoperiodic sensitivity, the cultivation area of each soybean cultivar is restricted to a very narrow range of latitudes to attain its highest yield (Cober and Morrison, 2010) . The yield of certain soybean cultivars may be significantly reduced if they are grown in a region as little as 2°N beyond its normal cultivation latitudes (Gai and Wang, 2001 ), although as a species, it is grown over a wide range of latitudes (50°N-35°S) . Photoperiod is apparently the main limiting factor for popularizing an elite cultivar in different latitude regions for soybean production. The influence of photoperiod on flowering time and maturity is a complex phenomenon.
To date, 11 maturity loci (E1 to E10, and J) that control flowering time and maturity in soybean have been identified and characterized at the phenotypic and genetic levels (Buzzell, 1971; Ray et al., 1995; Bonato and Vello, 1999; Cober and Voldeng, 2001; Cober and Morrison, 2010; Kong et al., 2014; Lu et al., 2017; Yue et al., 2017) . In addition to these cloned maturity genes, two homologs of FLOWERING LOCUS T (FT), GmFT2a and GmFT5a, were found to encode components of 'florigen', the mobile flowering promotion signal involved in the transition to flowering in soybean, and these two FT homologs were reported to coordinately control flowering in soybean (Kong et al., 2010) . Therefore, the discovery of genes responsible for photoperiod insensitivity, as well as creating photoperiod-insensitive cultivars with a flowering response adapted to the proposed region, is one of the most important topics for wide adaptation of soybean breeding.
Although the SNW/SKIP protein has been implicated as a critical transcription cofactor, the biological functions of SKIP homologs have only been reported previously in rice and Arabidopsis plants. OsSKIPa could complement the lethal defect of the knockout mutant of SKIP homolog in yeast and positively modulated the cell viability and stress tolerance of rice . AtSKIP was involved in the pre-mRNA splicing of oscillator genes in Arabidopsis, and it was able to complement morphologic, temperaturesensitive, and splicing efficiency defects of prp45 in yeast . The soybean SKIP ortholog GmGBP1 positively functioned in photoperiod-mediated flowering pathways, and heat-inducible GmGBP1 also enhanced thermotolerance in transgenic GmGBP1-ox tobaccos and Arabidopsis .
Although the roles of GmGBP1 in photoperiod control of flowering time had been characterized in Arabidopsis and tobacco, the biological properties of GmGBP1 in soybean still remained underexplored. In the current study, 264 soybean cultivars with varied maturity and growth habit characteristics were selected from the core germplasm collections to represent the genetic and geographical diversity of germplasm in China . They originated from different latitudes and belonged to six main Chinese soybean ecotypes. Additionally, 14 accessions were collected from the USA, Canada, Ukraine, Italy, Germany, and Russia. All cultivars were grown in 2015 and 2016 under natural field conditions in three different habitats in China representing three different climatic conditions, such as different latitudes and temperatures, using randomized complete block designs with two replicates. We identified that five polymorphisms and four haplotypes in GmGBP1 gene were closely related to soybean flowering time and maturity. Of these, one, SNP_-796G in TCTmotif of the GmGBP1 promoter, functioned as a significant light-responsive element to increase the mRNA transcript levels of GmGBP1 in soybean to control soybean flowering time and maturity. Our studies indicated that GmGBP1 functioned as a positive regulator of photoperiod control of flowering time and maturity responses.
RESULTS

Phenotypic analysis
In the current study, 278 soybean accessions (numbers 1-278) with varied maturity and growth habit characteristics ( Figure 1a , Table S1 ) were used to conduct an association analysis. The flowering time and maturity dates of cultivars were distinct under various environments (Table S1) , and different latitudes with their specific photoperiod and temperature significantly affected the growth stages of the soybeans. In general, most soybeans bloomed earliest in the environment of Shenyang (lower latitude), whereas they bloomed latest in Harbin (higher latitude) in the same year (Table S1 ). The maturity extents of 30 standard varieties in maturity groups (MGs) (numbers 279-308) were analyzed in all six environments (2015, Harbin; 2016, Harbin; 2015, Changchun; 2016, Changchun; 2015, Shenyang; 2016, Shenyang) . Of these, MGs 000-III matured in six environments, and MG IV matured in three environments, whereas the other MGs V-VIII immatured in all six environments (Table S1) . We classified all the tested varieties into different MGs based on R7 date of the standard varieties (numbers 279-308) in different MGs in various environments (Table S1 ) according to the following methodology. The mid-range of R7 in each MG was calculated first, and then, the averages of two adjacent maturing groups midranges were used as the threshold to classify neighboring maturity groups (Table S2) .
Z-tests were applied for normality tests of the four phenotypic traits using skewness and kurtosis, and the normality null hypothesis was accepted according to the reference values of either an absolute skewness or an absolute kurtosis value lower than two (Hae-Young, 2013) . We concluded that all four phenotypic traits statistics were in accord with the assumption of normality according to their absolute skewness and kurtosis values, which were lower than two (Table S3 ). There were abundant phenotypic variations among these varieties, the ranges of variance coefficients of R1 (Beginning bloom), R3 (Beginning pod), R5 (Beginning seed), and R7 (Beginning maturity) were 7.8-46.89% (Table S3 ). The extensive phenotype diversity of objective traits was indispensable for specific polymorphisms or marker locus in correlation analysis.
Polymorphism and association analysis
Thirty polymorphisms were detected in 3190-bp amplified fragments of GmGBP1 from 278 soybean germplasm resources, including 27 SNPs and three InDels (Table S4) . There was one polymorphic locus per 106 bp (h W = 0.00940), and the frequencies of SNPs and InDels were one SNP/118 bp (h W = 0.00846) and one InDel/ 1063 bp (h W = 0.00094). All InDels appeared in the noncoding region. The genetic diversity of GmGBP1 showed Figure 1 . The distribution, association analysis, and haplotype identification of soybean varieties. (a) The geographic distribution of the 308 experimental soybean varieties. (b) Schematic position of association analysis of GmGBP1 polymorphisms (MAF > 5%) with four traits by the MLM, and linkage disequilibrium analysis with the Snp.plotter package in R environment. Pairwise linkage disequilibrium coefficients was r 2 > 0.33, indicating these polymorphisms were in strong or complete linkage disequilibrium. The x-axis represented the polymorphisms, and they were SNP_-850, SNP_-824, SNP_-796, SNP_-770, InDel_-745~-738, SNP_-682, SNP_-307, InDel_-242, SNP_353, SNP_435, SNP_1041 from left to right in turn. The seven polymorphisms of SNP_-850, SNP_-824, SNP_-796, SNP_-770, InDel_-745~-738, SNP_-307, and SNP_435 were in pairwise linkage disequilibrium. Of these, the polymorphisms of SNP_-850, SNP_-824, and InDel_-745~-738 as well as the polymorphisms of SNP_-796 and SNP_-770 were in complete pairwise linkage disequilibrium, respectively. 2015 disequilibrium, respectively. H: 2015 C: 2015 2016 H: 2016 2016 C: 2016 2016 S: 2016 The information of haplotypes based on pairwise linkage disequilibrium test in GmGBP1 promoter and gene regions. From left to right: SNP_-850, SNP_-824, SNP_-796, SNP_-770, InDel_-745~-738, SNP_-307, SNP_435. The dark and light blue squares showed major and minor polymorphisms, respectively. [Colour figure can be viewed at wileyonlinelibrary. com].
uneven distribution in various regions, and the average pairwise frequency of polymorphisms in non-coding region (h W = 0.01332) was two times of that in coding region (h W = 0.00652). Among the 12 SNPs detected in coding region, there were nine transitions (A↔G, C↔T) and three transversions (A↔C, A↔T, T↔G) with a ratio of 3:1. The Tajima's D test was used to evaluate neutral evolution to explore the population selection pressure of the GmGBP1 gene, and the results indicated that the tested region of GmGBP1 was not significantly deviated from the value of zero in all accessions. However, the negative value of Tajima's D indicated that the majority of rare alleles were present at a low frequency <5%, and 11 polymorphisms with minor allele frequency (MAF) greater than 5% (Table S5) were selected for further association analysis. Of these, eight polymorphisms, including six SNPs and two InDels, were located in non-coding regions, three SNPs located in conservative coding region, including one non-synonymous mutation altering the amino acid sequence and two synonymous mutations. Five polymorphisms (SNP_-796, SNP_-770, SNP_-307, InDel_-242, and SNP_353) that were closely related to flowering time and maturity were detected by association analysis. Of these, InDel_-242 and SNP_353 showed a significant relevance with R1, R3, R5, and R7, and SNP _-307 was significantly associated with R7 in all six environments. The SNP_-796 and SNP_-770 were significantly correlated with R7 in five environments. SNP_-307, SNP_ -796, and SNP_-770 were also significantly associated with other growth period in several environments (Figure 1b) .
Linkage disequilibrium and haplotype analysis
There was a clear linkage disequilibrium (LD) region in the amplified fragment of GmGBP1 gene, and this LD block contained seven polymorphisms SNP_435) , of which, showed complete linkage disequilibrium (Figure 1b) . Six haplotypes were identified based on the seven polymorphisms within the LD block, and the Hap-4 showed the highest frequency (85.26%), followed by Hap-1 (8.07%), Hap-2 (3.16%) and Hap-3 (2.46%) (Figure 1c) . The Hap-4 included seven major polymorphisms such as SNP_-850C, SNP_-824C, SNP_-796G, SNP_-770G, InDel_-745~-738AGACTTAC, SNP_-307T, and SNP_435C. The sequence of Hap-1 was completely different from Hap-4. The sequence of Hap-2 was different from Hap-4 as for polymorphisms of SNP_-796, SNP_-770, and SNP_-307, and the sequence of Hap-3 was different from Hap-4 as for polymorphism of SNP_435.
Statistics analysis
The phenotypic data of five significant polymorphisms and four major haplotypes with higher frequencies were further analyzed. In total, 158 varieties with major polymorphism InDel_-242ATA exhibited significantly higher values of R1, R3, R5, and R7; 208 varieties with major polymorphism SNP_353A exhibited significantly lower values of R1, R3, R5, and R7 in all six environments. Varieties with major polymorphisms of SNP_-796G, SNP_-770G, and SNP_-307T showed significantly lower values of R1, R3, R5, and R7 in corresponding environments (Figure 2a) .
The results of variance analysis showed significant differences of traits in six environments among four haplotypes (P-value < 0.008) ( Table S6 ). The haplotypes Hap-3 and Hap-4 with significant polymorphisms of SNP_-796G, SNP_-770G, and SNP_-307T above resulted in lower averages of R1, R3, R5, and R7 in six environments, and the opposite results were found in varieties with Hap-1 and Hap-2 (Figure 2b ).
Geographical and MGs distribution of varieties with major polymorphisms and haplotypes
Most of the soybean germplasms originated from China; therefore, the geographic and MGs distribution of varieties with five major polymorphisms and four haplotypes in China were further analyzed (Figure 3a) . The ecological areas of soybean varieties in China were divided into six ecological areas or 10 subareas on the basis of geographical, climatic conditions, sowing season type, maturity type, and light temperature reaction characteristics and other factors (Wang and Gai, 2002) . The distribution of each major polymorphism was different across ecological areas: SNP_-796G or SNP_-770G was mostly found in higher latitude region in Northeast spring planting ecological subeco-region (97.76%) and occurred at similar frequencies in Huanghuaihai double cropping planting eco-region (77.03%) and at eco-regions in the south of the Qinling Mountains-Huaihe River (81.13%), respectively. Varieties with major polymorphism SNP_-307T were mostly found in Northeast spring planting ecological sub-eco-region. The frequency of the varieties with polymorphism SNP_-307T was the highest in Northeast spring planting ecological sub-ecoregion (97.01%), and the frequencies were lower in the eco-regions Huanghuaihai double cropping planting (77.03%) and the south of the Qinling MountainsHuaihe River (79.25%). One hundred and fifty-eight genotypes with major polymorphism InDel_-242ATA were mainly distributed in lower latitude eco-regions in the south of the Qinling Mountains-Huaihe River. The frequency of polymorphism InDel_-242ATA regularly changed from low to high level in the following regions: Northeast spring planting ecological sub-ecoregion (41.04%), Huanghuaihai double cropping planting eco-region (58.11%) and eco-regions in the south of the Qinling Mountains-Huaihe River (92.45%). 208 genotypes with major polymorphism SNP_353A were mainly distributed in higher latitude region in Northeast spring planting ecological sub-ecoregion. The frequency of polymorphism SNP_353A changed from high to low level in the following regions: Northeast spring planting ecological sub-ecoregion (88.06%), Huanghuaihai double cropping planting eco-region (70.27%), and the south of the Qinling Mountains-Huaihe River (37.74%) eco-region. The haplotype of Hap-4 was the most widely distributed, but its frequencies varied across regions, which showed the highest frequency in varieties of Northern spring planting eco-region (94.03%), and lower frequencies both in varieties of lower latitude of Huanghuaihai double cropping planting ecoregion (75.68%) and the south of the Qinling MountainsHuaihe River eco-region (79.25%). The distribution of Hap-3 was similar to Hap-4. The frequency of Hap-2 was the highest in varieties of eco-regions in the south of the Qinling Mountains-Huaihe River, and Hap-1 showed the highest frequency in varieties of Huanghuaihai double cropping planting eco-region.
The percentages of earlier maturing varieties (MG 000, MG 00, and MG 0) with major polymorphisms SNP_-796G, SNP_-770G, .86%) were greater than those with corresponding minor polymorphisms SNP_-796A, SNP_-770C, SNP_-307G, and SNP_353G (3.13-12.5%, 3.13-12.5%, 2.86-14.29%, 9.46-16.22%). The percentages of earlier maturing varieties (MG 000, MG 00, and MG 0) with major polymorphism InDel_-242ATA (19.48-29.22%) were less than those of the varieties with corresponding minor polymorphism InDel_-242normal (43.55-66.94%). The percentages of earlier maturing varieties (MG 000, MG 00, and MG 0) with .58%) were higher than those with Hap-1 and Hap-2 (4.35-13.04%, 0-11.11%) ( Figure 3b ).
Analysis of GmGBP1 promoter activity
The polymorphisms of SNP_-796G (antisense strand), SNP_-307T (antisense strand), and InDel_-242ATA (antisense strand) leaded to the cis-acting elements such as TCT-motif (a light-responsive element, sense strand), Box4 (a light-responsive element, sense strand), and TATA box (antisense strand), respectively (Table S5 ) (Figure 4a ) (Aboussekhra and Thoma, 1999; Mongkolsiriwatana et al., 2009; Parry et al., 2010) . The polymorphisms of SNP_-796 and SNP_-307 were in stronger linkage disequilibrium (Figure 1b) . To confirm the importance of different cis-acting elements in regulating the expression of GmGBP1, the GmGBP1 promoters with different cis-acting elements were fused to the LUC reporter gene in pGreenII-0800-LUC, then the transient expression system was used to assess the activity of various GmGBP1 promoters. The relative LUC activity was measured after transforming the constructs such as pro (SNP_-796G and SNP_-307T)::LUC, pro (SNP_-796A and SNP_-307G)::LUC, pro (SNP_-307T)::LUC, pro (SNP_-307G)::LUC, pro (InDel_-242ATA)::LUC and pro (InDel_-242normal)::LUC ( Figure S1 ) into tobaccos, respectively (Barnes, 1990) . The relative LUC activity of the two pairs of constructs pro (SNP_-307T)::LUC and pro (SNP_-307G)::LUC, pro (InDel_-242ATA)::LUC and pro (InDel_-242normal)::LUC showed no significant changes at 12 h after dawn in SDs, but the pro (SNP_-796G and SNP_-307T)::LUC construct showed 4.6-fold relative LUC activity (P < 0.01) more than that of pro (SNP_-796A and SNP_-307G)::LUC in SDs ( Figure S2 ). The similar result was found across Plant Imaging System in tobacco, the luminescence signal of the pro (SNP_-796G and SNP_-307T):: LUC construct was stronger than that of pro (SNP_-796A and SNP_-307G)::LUC in tobaccos at 12 h after dawn in SDs (Figure 4b ). Therefore, we inferred that the difference of GmGBP1 expression pattern in soybean between 'Dongnong 42' and 'Aijiaozao' was not caused by the Box4 mutation (SNP_-307-T?G), because it showed no obvious difference ( Figure S2 ). It was the TCT-motif (SNP_-796G) that increased the mRNA transcript level of GmGBP1 in soybeans such as 'Dongnong 42' compared with the TCTmotif mutation (SNP_-796A) in soybeans such as 'Aijiaozao'. Therefore, only the diurnal expression rhythm of the pro (SNP_-796G and SNP_-307T)::LUC construct in tobaccos were further analyzed, which also showed stronger relative LUC activity than that of pro (SNP_-796A and SNP_-307G)::LUC in SDs, which reached a night peak around 4 h after the beginning of the dark period and decreased toward dawn (Figure 4c ). The results indicated that the TCT-motif was a very important motif that regulated the GmGBP1 mRNA level. Furthermore, the amplitude and overall level of relative LUC activity of pro (SNP_-796G and SNP_-307T)::LUC construct was increased substantially in SDs by compared with that in LDs (Figure 4c ). Both of the results above indicated that the GmGBP1 promoter was regulated by the day length, and TCT-motif (SNP_-796G) in the GmGBP1 promoter functioned as a very significant light-responsive element. Just as 'Dongnong 42' flowered earlier than 'Aijiaozao', the TCT-motif of GmGBP1 also probably caused shorter growth period such as an earlier flowering time (R1) from the soybean varieties investigated in this study of on average 23.45 and 21.03 days in Harbin, 16.69 and 28.92 days in Changchun, and 17.72 and 23.18 days in Shenyang in soybeans with SNP_-796G and SNP_-307T ahead of time than in soybeans with SNP_-796A and SNP_-307G in six different environments in 2015 and 2016, respectively ( Figure 4d , Table S7 ). The other growth stages were also similar ( Figure 4d , Table S7 ). For each polymorphism, the left column indicated the major polymorphism such as SNP_ -796G or SNP_-770G, InDel_-242ATA, SNP_-307T, and SNP_353A, and the right one represented the minor polymorphism such as SNP_ -796A or SNP_-770C, InDel_-242normal, SNP_-307G, and SNP_353G. For haplotypes, Hap-1, Hap-2, Hap-3, and Hap-4 were indicated from left to right in each environment, respectively. 2015 environment, respectively. H: 2015 2015C: 2015 2015S: 2015 2016H: 2016 2016C: 2016 2016S: 2016 Therefore, the shorter growth period of 104 soybean varieties with the SNPs (SNP_-796G and SNP_-307T) compared with six soybean varieties with the SNPs (SNP_-796A and SNP_-307G) might be largely due to higher GmGBP1 expression levels that were caused by the TCT-motif in the promoter (Figure 4d , Table S7 ).
The accumulation of the GmGBP1 transcript is regulated by photoperiod and the circadian clock
The diurnal expression patterns of GmGBP1 in LDs and SDs were analyzed by real-time RT-PCR in trifoliate leaves sampled at 30 days (transferred at 15 days). Under these conditions, GmGBP1 showed a photoperiod-specific pattern of expression. The amplitude and overall level of GmGBP1 mRNA increased more in SDs than that in LDs. GmGBP1 mRNA reached a daytime peak around 3 h after dawn, reaching a night peak around 7 h after the beginning of the dark period and decreased toward dawn in SDs (Figure 5a ). The results of the diurnal expression patterns of GmGBP1 also prompted us to examine whether GmGBP1 expression was controlled by the circadian clock. Therefore, we analyzed GmGBP1 expression under continuous light (LL) or dark (DD) conditions after transfer from SDs and LDs. The GmGBP1 mRNA level maintained a robust rhythm, oscillated diurnally under SDs-DD (Figure 5b ), indicating that GmGBP1 expression was regulated by the circadian clock and triggered by dark. Robust cycling was not detectable after transfer to LL and DD from LDs (Figure 5c ).Therefore, the GmGBP1 mRNA showed diurnal patterns in accumulation in leaves, and their expression at elevated levels was sufficient to promote flowering in soybean.
Suppression of GmGBP1 resulted in delay of soybean maturity
Furthermore, RNAi was used to suppress the expression of GmGBP1 in soybean in an effort to evaluate the functional consequences of the loss of GmGBP1 in soybean. Nine T 1 generation GmGBP1-i RNA interference transgenic lines showed significantly decreased expression of GmGBP1 ( Figure S3 ). The T 2 generation seeds from GmGBP1-suppressed plants showed a significantly lower germination rate (25%) than the wild-type (WT) plants (99%). The growth of the GmGBP1-i plants was severely arrested even if they survived. At the seedling stage, the growth rate was significantly lower than that of the WT. Both the two independent T 3 generation GmGBP1-i-4 and GmGBP1-i-6 soybean transgenic lines (stronger gene interference) displayed phenotypic alterations (Figure 6a ). Pleiotropic and abnormal developmental phenotypes were observed in GmGBP1-i-4 and GmGBP1-i-6 lines, including decreased plant heights due to the smaller internode lengths and numbers of internode in SDs, LDs, and natural days (NDs) (Figure 6b ). Both WT and two GmGBP1-i soybean lines showed delayed flowering time with the extended photoperiod (Figure 6c ). The duration from emergence until beginning bloom (R1) was the longest in LDs compared with that in NDs and SDs suggesting that SDs hastened the initiation of flowering, while longer days delayed flowering. Transgenic soybean with underexpression of GmGBP1 showed later flowering time (R1) than the wild type in SDs, LDs, and NDs (Figure 6c ). We also compared the GmGBP1 effect on the sensitivity of photoperiod regulating flowering time. Both photoperiod response sensitivities (PRS) such as in PRS LDs-SDs and PRS NDs-SDs were reduced in GmGBP1-i soybean compared with WT (Figure 6d) . The gene interference of GmGBP1 caused the reduced PRS before flowering in soybean. Furthermore, R3, R5, and R7 were also later in two GmGBP1-i soybean lines than in wild-type soybean, which inferred GmGBP1 delayed the whole maturity (Figure 6e-g ).
Identification of genes that are differentially expressed by GmGBP1 underexpression using RNA-seq analysis
The GmGBP1-i plants were impaired in flowering time and floral formation. To understand the molecular network regulated by the GmGBP1, RNA-seq was used in global expression profiling of soybean genes in trifoliate leaves of GmGBP1-i-4 plants compared with those in wild-type plants in SDs at flowering induction stages, so that the primary effects of decreased GmGBP1 expression on flowering time could be assessed. Approximately 48 million clean RNA-seq reads were generated for each individual sample, and 80% reads were mapped to the current soybean reference genome assembly. Statistical evaluation revealed a total of 124 genes that were differentially expressed in the GmGBP1-i-4 leaves compared with those in wild-type plants. Of these, 94 and 30 predicted genes were significantly up-and downregulated with GmGBP1 underexpression (≥two-fold), respectively (Table S8) .
Many genes involved in transcription regulation were downregulated in GmGBP1-i-4 compared with those in wild-type plants. Of these, three flowering time genes including GmFT2a, GmFT5a, and MADS box GmFULc genes were positively regulated by GmGBP1. Two hormone-related genes BEN1 involved in BRASSINOSTEROID METABOLIC PATHWAY and GASA2-EXTENSIN, PROLINE- RICH PROTEIN response to gibberellin stimulus were positively regulated by GmGBP1. Two LRR proteins and an LRR-LIKE PROTEIN KINASE, ACHAETE-SCUTE TRAN-SCRIPTION FACTOR-RELATED (bHLH DNA-binding super family protein) involved in defense response, apoptosis, innate immune response were positively regulated by GmGBP1. Thirty genes belonging to 14 homologs of 2-4 copies were upregulated in GmGBP1-i-4 plants, and the others were 63 unique genes. To confirm the RNA-seq results independently, 19 differentially expressed downregulated genes and nine differentially expressed upregulated genes in GmGBP1-i-4 were analyzed by qRT-PCR, which were still downregulated and upregulated with GmGBP1 underexpression (≥2-fold), respectively (Table S9) .
Diurnal photoperiod-specific expression pattern of differentially expressed upregulated genes in SDs
To confirm the RNA-seq results, the diurnal expression patterns of 13 differentially expressed downregulated genes in GmGBP1-i-4 related to flowering time, GA and BR signaling and LRR, bHLH transcription factors in both LDs and SDs were analyzed by qRT-PCR in trifoliate leaves sampled at 30 days, of which 10 were transcription factors. Under these conditions, flowering time-related genes including GmFT2a, GmFT5a, and GmFULc showed a photoperiod-specific pattern of expression. The amplitude and overall level of these genes mRNA increased more in SDs than that in LDs in WT. GmFULc (Glyma05g0738), a homolog GmFULa MADS box transcription factor played roles in Figure 6 . Phenotypes of the T3 generation GmGBP1-i soybean. (a) 50-day-old seedlings of wild-type (WT) and two GmGBP1-i transgenic soybean lines GmGBP1-i-4 and GmGBP1-i-6 in SDs, LDs and NDs lengths at Harbin (planted on 9 May). (b) Plant height statistics of the seedlings shown in (a). (c) R1 of GmGBP1-i-4, GmGBP1-i-6 and WT in SDs, LDs and NDs. (d) Photoperiod response sensitivity of GmGBP1-i-4, GmGBP1-i-6 and WT. (e) Growth period of GmGBP1-i-4, GmGBP1-i-6 and WT in SDs. (f) Growth period of GmGBP1-i-4, GmGBP1-i-6 and WT in LDs. (g) Growth period of GmGBP1-i-4, GmGBP1-i-6 and WT in NDs. Data represent means AE SD of at least 15 seedlings. Asterisks indicate significant differences between GmGBP1-i-4, GmGBP1-i-6 and WT, or as indicated (*P < 0.05 and **P < 0.01, Student's t-test). [Colour figure can be viewed at wileyonlinelibrary.com] the flowering and maturation of soybean (Jia et al., 2015) . We analyzed the mRNA profiles of flowering promoters GmFT2a,GmFT5a, and GmFULc in the GmGBP1-i-4 soybean, whose transcript levels in the GmGBP1-i-4 soybean were much lower than those in WT in both SDs and LDs (Figure 7a-c) , although all the transcript levels were very low in WT and GmGBP1-i-4 in LDs. The mRNA levels of GmFT2a,GmFT5a, and GmFULc whatever in GmGBP1-i-4 or WT soybean were noticeably reduced in LDs compared with those in SDs, but still kept a relatively high level in GmGBP1-i-4 in SDs to maintain flowering (Figure 7a-c) . All the mRNA abundances of GmFT2a, GmFT5a, and GmFULc reached a peak at ZT12 and decreased toward dawn in both SDs and LDs (Figure 7a-c) . Moreover, we found that the number of R1 days declined with increasing levels of GmFT2a, GmFT5a, and GmFULc in GmGBP1-i-4 or WT soybean. The overall mRNA levels of GmFT2a, GmFT5a, and GmFULc declined in WT SDs > GmGBP1-i -4 SDs > WT LDs > GmGBP1-i-4 LDs. The number of R1 days increased in WT SDs < GmGBP1-i-4 SDs < WT LDs < GmGBP1-i-4 LDs. Recent work indicated that FT generated around dusk (ZT12-ZT20) (Krzymuski et al., 2015) was more effective for inducing flowering. We inferred that GmGBP1 might induce GmFT2a, GmFT5a, and GmFULc mRNA to induce flowering in SDs.
Interestingly, oleoyl-[acyl-carrier-protein] hydrolase/Sacyl fatty acid synthase thioesterase (Glyma04g37431) participating in fatty acid biosynthesis also showed an increased mRNA level in SDs than that in LDs. Its transcript level in GmGBP1-i-4 soybean was much lower than those in WT in both SDs and LDs (Figure 7d ). However, whether the gene was involved in the photoperiod control of flowering time had not been reported in plants.
Diurnal photoperiod-specific expression pattern of differentially expressed downregulated genes in SDs compared with in LDs
Under these conditions, the amplitude and overall mRNA levels of these transcription factors increased larger in LDs than those in SDs in WT soybean, including GmGASA2, GmBEN1, GmLRR (Glyma06G265400), ACHAETE-SCUTE TRANSCRIPTION FACTOR-RELATED (Figure 7e-h) . Moreover, the transcript levels of these transcription factors in GmGBP1-i-4 soybean were much lower than those in WT both in SDs and LDs, and were almost zero in SDs. Glyma04g35030, an EXTENSIN, PROLINE-RICH PROTEIN, showed 44.44% amino acid identity with AtGASA2 (GAST1 protein homolog 2) (AT4G09610), which positively regulated FT in Arabidopsis (Yoo et al., 2011) . Therefore, we named it as GmGASA and inferred that GmGBP1 might interact with GmGAMYB1 to induce GmGASA2 to increase the plant height in GA signaling . Glyma09g40590, a BRASSINOSTEROID METABOLIC PATH-WAY PROTEIN BEN1, showed 46.99% amino acid identity with AtBEN1 (AT2G45400), which was involved in BR inactivation in Arabidopsis (Sandhu et al., 2012) . Two diseaseresistance proteins including Glyma06G265400 and Glyma17g09810 were also downregulated in GmGBP1-i-4 soybean compared with those in WT both in SDs and LDs. GmLRR (Glyma06G265400), a disease-resistance protein (TIR-NBS-LRR class), might be involved in signal transduction and defense. ACHAETE-SCUTE TRANSCRIPTION FAC-TOR-RELATED (Glyma17g09810), a basic helix-loop-helix (bHLH) DNA-binding super family protein might be involved in the defense response to fungi, and regulation of transcription. We speculated that GmGBP1 induced GmLRR and ACHAETE-SCUTE TRANSCRIPTION FACTOR-RELATED to be involved in defense response. However, the transcript levels of five genes, including LRR (Glyma09G272100), LRR-LIKE PROTEIN KINASE, INORGANIC PHOSPHATE TRANSPORTER 1-4, ELONGATOR COMPLEX PROTEIN 5 and EMBRYO-SPECIFIC PROTEIN 3, were just lower in GmGBP1-i-4 soybean than in WT in SDs but not in LDs (Figure 7i-m) .
DISCUSSION
The natural variation of GmGBP1 contributed to soybean ecological adaptation and genetic improvement Changes in flowering time and maturity can reflect whether temperature and light conditions are optimal for the growth of soybean (Whigham and Minor, 1987) and are used to evaluate the adaptability of soybean varieties. In this study, 278 soybean accessions with varied maturity and growth habit characteristics were collected from China, North America, and Europe and grown in multiple environments ( Figure 1a , Table S1 ). The abundant variation and wide geographical distributions of soybean varieties assured the reliability of phenotypic data for GmGBP1 gene-based association analysis. Categorizing soybeans into different MGs facilitated breeding practices (Fehr, 1987) . The MGs classification results of all tested 278 lines in six environments were in agreement with those of previous studies (Table S1 ) (Wang and Gai, 1999; Gai and Wang, 2001) , which further provided a good guarantee for analyzing the geographical and MGs distribution of the soybean varieties with rich polymorphisms or haplotypes of GmGBP1 closely related to soybean flowering time and maturity.
Soybean maturity genes controlled not only the time of flowering but also the time to maturation (Bernard, 1971; Saindon et al., 1989) . The wide adaptability to latitude was created by the natural variations of some major genes and the quantitative trait loci that controlled flowering (Watanabe et al., 2011) . Various combinations of mutations of soybean maturity loci E1, E2, E3, and E4 resulted in insensitivity of flowering to photoperiod and diversity of adaptation to different latitudes Jiang et al., 2014) . The deletion of a single nucleotide in GmELF3 caused delayed flowering and was associated with soybean growth adaptation in tropical and low altitude regions (Yue et al., 2017) . In our study, five polymorphisms (SNP_-796, SNP_-770, SNP_-307, InDel_-242 and SNP_353) of GmGBP1 closely related to soybean maturity were identified through association analyses (Figure 1b) , and the varieties with the polymorphisms SNP_-796G, SNP_-770G, SNP_-307T, InDel_-242normal, and SNP_353A showed earlier flowering and maturity in different environments (Figure 2a ). They were mainly distributed in MGs 000-0 and in higher latitude regions such as the Northeast spring planting ecological sub-eco-region (Figure 3a,b) . The haplotype-based analysis method provided more information than the analysis of individual polymorphic loci (Contreras-Soto et al., 2017) . Six haplotypes based on seven polymorphisms within the LD block of GmGBP1 were also identified (Figure 1b,c) . The varieties with haplotypes Hap-3 and Hap-4 that were mainly distributed in MGs 000-0 and higher latitude regions showed earlier flowering and maturity in different environments compared with those with Hap-1 and Hap-2 (Figures 2b, 3a,b) . Taken together, the five polymorphisms (SNP_-796G, SNP_-770G, SNP_-307T, InDel_-242normal, SNP_353A) and two haplotypes (Hap-3, Hap-4) of GmGBP1 contributed to soybean ecological adaptation to higher altitudes and provided an important theoretical basis for the application of the pleiotropic GmGBP1 gene in modern molecular breeding. These distinct markers could be used for screening soybean germplasms with desired maturity.
The higher diversity of the GmGBP1 promoter may facilitate the adaptation to different environments
We found a non-uniform distribution pattern of polymorphism loci in GmGBP1, and the promoter region was highly diversified compared with the coding sequence of GmGBP1 (Table S4 ). This finding was consistent with the prevalent view that more SNPs occurred in the promoter region than in the coding region of individual genes (Su et al., 2011) . We found only one non-synonymous SNP_353 (C/T) with MAF higher than 5% in the GmGBP1-coding sequence (Table S5) , which implied that the GmGBP1 gene was under strong selection. In contrast, the promoter region of GmGBP1 was under fewer selection pressures. Therefore, the higher polymorphism of GmGBP1 promoter sequence may facilitate the adaptation of soybean to different environments and requirements. The variants in regulatory regions might impact the phenotype by altering the activity of the promoter and changing the expression levels of genes (Kumar et al., 2010; Chao et al., 2013) .
TCT-motif regulated the levels of GmGBP1 expression by photoperiod response Photoperiod controls soybean growth, which not only affects flowering time but also post-flowering vegetative and reproductive growth, such as duration of pod filling, development of the terminal inflorescence, and leaf senescence. Soybean cultivars flower early in SDs, and the differences between cultivars of different latitudes become smaller or disappear in SDs. TCT-motif is a light-dependent element (Kwon et al., 1994) . The polymorphism SNP_-796G of GmGBP1 promoter in natural populations resulted in the mutation in light-responsive element TCT-motif. To confirm the importance of TCT-motif in regulating the expression of GmGBP1, we assayed the transient expression activity of various TCT-motifs in the GmGBP1 promoter in LDs and SDs (Figure 4b,c) . TCT-motif (SNP_-796G) increased the mRNA transcript level of GmGBP1 in soybeans such as 'Dongnong 42' (early maturity) compared with those with the TCT-motif mutation (SNP_-796A) in soybeans such as 'Aijiaozao' (late maturity) in SDs. Furthermore, the amplitude and overall level of relative LUC activity of the pro(SNP_-796G)::LUC construct were increased substantially in SDs compared with that in LDs. It is inferred that the GmGBP1 promoter was regulated by daylength, and the TCT-motif (SNP_-796G) in the GmGBP1 promoter functioned in a daylength-regulated expression pattern as a very significant light-responsive element. Similarly, the diurnal expression patterns of GmGBP1 in LDs and SDs by qRT-PCR also showed that the mRNA levels of GmGBP1 increased more in SDs than in LDs and were regulated by photoperiod (Figure 5a-c) .
The TCT-motif variation in the GmGBP1 promoter region contributed to the divergence in maturity by altering the activity of the promoter and changing the expression level of GmGBP1 gene. The shorter growth period in soybean might be largely due to the higher GmGBP1 expression levels, which were caused by the TCT-motif due to SNP_-796G in the promoter. Overexpression of the GmGBP1 gene in Arabidopsis thaliana caused earlier flowering under LDs . In contrast, the lower expression level of GmGBP1 in soybean caused by RNAi interference of GmGBP1 resulted in a longer growth period under different day lengths (Figure 6a,c,e-g ). Furthermore, gene interference of GmGBP1 also caused a reduction in PRS in soybean (Figure 6d) , and indicated that GmGBP1 was a positive regulator of photoperiod control of flowering time in SDs. In conclusion, GmGBP1 was involved in the photoperiod response, which might be partly mediated by the TCT-motif.
GmGBP1 functioned as a positive regulator upstream of GmFT2a and GmFT5a
RNA-seq analysis of GmGBP1 underexpression in soybean showed that 94 and 30 predicted genes were significantly upregulated and downregulated, respectively (Table S8) . Of these, GmFT2a and GmFT5a, encoding components of 'florigen', coordinately controlled flowering in soybean (Kong et al., 2010) . GmFULa, a homolog of GmFULc (Glyma05g0738), promoted flowering and maturation in soybean (Jia et al., 2015) . Soybean GmFT1a delayed flowering by repressing the expression of GmFULa (Liu et al., 2018) . In addition, Arabidopsis flowering integrator FT regulated FUL accumulation in Arabidopsis leaves and contributed to the transition to flowering (Teper-Bamnolker and Samach, 2005) . Moreover, the diurnal photoperiod-specific expression pattern of three significant flowering time genes GmFT2a, GmFT5a, and GmFULc also showed constantly lower mRNA levels in the GmGBP1-i soybean than in the wild-type, especially under SDs (Figure 7a-c) . Therefore, we speculated that GmGBP1 might function as a positive regulator upstream of GmFT2a and GmFT5a to activate the expression of GmFULc to promote flowering in SDs.
Meanwhile, nine differentially expressed upregulated genes in GmGBP1-i were further analyzed by qRT-PCR and were still upregulated with GmGBP1 underexpression (Table S9 ). The grapevine homologs of the dehydrationresponsive RD22 (Glyma14g20440, Glyma04g35130) gene and the banana homolog of aquaporin gene (Glyma04g00450) played roles in salt tolerance (Matus et al., 2014; Sreedharan et al., 2015) . As the upregulated genes were not reported to be related to maturity, we did not carry out any more analysis on the upregulated genes.
EXPERIMENTAL PROCEDURES Plant materials, growth conditions, and records of data
For the association analysis of polymorphism of GmGBP1 and growth period, the nucleotide variation of the GmGBP1 gene was assessed in a total of 278 soybean accessions (Number 1-278) with varied maturity and growth habit characteristics (Table S1 ). Of these, 264 originated from 24 provinces of China from different latitudes (20°13 0 N to 50°15 0 N), and the other 14 originated from the USA, Canada, Ukraine, Italy, Germany, and Russia, respectively (Table S1 ). Dividing the maturity regions of the varieties, 30 varieties that originated from North America maturity groups (numbers 279-308) (Sneller, 1994; Singh and Hymowitz, 1999) were used as references (Table S1 ). All 308 cultivars were grown in experimental farms under natural field conditions in three different latitudes in China representing three different climatic conditions, including Harbin (45°75 0 N, 126°63 0 E), Changchun (43°88 0 N, 125°35 0 E), and Shenyang (41°4 0 N, 123°30 0 E) in 2015 and 2016 using randomized complete block designs with two replicates.
The length of the row was 2 m, plant spacing was 0.05 m apart, and row spacing was 0.6 m.
The soybean phenology stages of emergence (VE) and the reproductive stages R1, R3, R5, and R7 were recorded according to the methodology described by Fehr and Caviness (Fehr et al., 1971) . R1 refers to one open flower at any node on the main stem. R3 refers to a pod 5 mm (3/16 inch) long at one of the four uppermost nodes on the main stem with a fully developed leaf. R5 refers to a seed 3 mm (1/8 inch) long in a pod at one of the four uppermost nodes on the main stem with a fully developed leaf. R7 refers to one normal pod on the main stem that had reached its mature pod color. For a given cultivar, each specific R stage was defined only when at least 50% of individual plants reached that stage. The data for R1, R3, R5, or R7 of a given cultivar are presented in a format of mean AE standard deviation (SD) in this study and were recorded as the number of days after emergence to the stage of R1, R3, R5, and R7, respectively.
For the diurnal rhythm of the GmGBP1 gene, seeds from photoperiod-sensitive soybean cultivars 'Dongnong 42' were grown in the growth chambers at 25°C under LDs (16-h light/8-h dark) with 250 lmol m À2 sec À1 white light. The plants were transferred to SDs (8-h light/16-h dark) under the same temperature regime, after the trifoliate leaves were expanded. The trifoliate leaves were sampled at 30 days (transferred at 15 days) in LDs and SDs at 3-h intervals for 2 days and under continuous light (LL) and dark (DD) conditions for 2 days, and immediately frozen in liquid nitrogen.
To evaluate the transient assay of the GmGBP1 promoter, coinfiltration of Agrobacterium strains containing the constructs and the p19-silencing plasmid were diluted to an OD 600 = 0.6 with infiltration buffer [10 mM MES (pH 5.6), 10 mM MgCl 2 , 100 mM acetosyringone], mixed at a 1:1 ratio, and then injected into fully expanded leaves of 4-week-old Nicotiana benthamiana plants . The transformed tobaccos were grown under LDs and SDs with 250 lmol m À2 sec À1 white light for 2 days at 25°C, then the tobacco leaves were sampled at 4-h intervals for 24 h, and immediately frozen in liquid nitrogen. The relative transcriptional activity of firefly to Renilla luciferase under the influence of the GmGBP1 promoter was measured using a tobacco transient expression system (Hu et al., 2014) .
Sequence alignment and SNP detection
Genomic DNA of young leaves was extracted from 278 varieties (except MGs) by the CTAB method. The GmGBP1 sequence including a 1269-bp promoter region, an 82-bp 5 0 untranslated region (5 0 UTR) and a 1839-bp coding sequence (CDS) was amplified by overlapping PCR with four pairs of gene-specific primers (Table S10 ) and the purified PCR products were sequenced by Sanger DNA Sequencing Methods (Sanger et al., 1977) . Multiple sequence alignment and polymorphisms screening based on reference genome sequences of Williams 82 were conducted by ClustalX 1.83 (Thompson et al., 1997) . The Tajima's D statistical test was used to evaluate the neutrality of the polymorphisms by DnaSP.5.10 (Tajima, 1989; Librado and Rozas, 2009 ). Association analysis was conducted using a mixed linear model (MLM) with 1000 permutations using TASSEL (https://tassel.bitbucket.io/). The 278 soybean varieties had been sequenced by specific locus amplified fragment sequencing (SLAF-seq) in our laboratory. In total, 34 710 markers were found, which were taken for covariance of association analysis (Lipka et al., 2012; Han et al., 2015) . Significance was determined by Bonferroni threshold Àlog 10 (P-value) ≥3.04 (Bradbury et al., 2007) . The LD was estimated using the Snp.plotter package in the R environment, and haplotype analysis on the basis of pairwise linkage disequilibrium were tested according to a critical r 2 > 0.33. Only polymorphisms with MAF of no less than 5% in the population were screened for the correlation analysis and estimating LD. The cis-acting elements in the promoter including the polymorphisms were analyzed with Plant-CARE to determine their putative effects (Lescot et al., 2002) . The significant difference of agronomic traits among varieties with different haplotypes was tested for variance analysis. Boxplots of R1, R3, R5, and R7 in different cultivars with different significant polymorphisms and haplotypes were made by GraphPad Prism 6.0 (Swift, 1997) . Finally, the geographical distribution and mature patterns of varieties with different polymorphisms and haplotypes were analyzed.
Transient assay of GmGBP1 promoter
The native GmGBP1 promoter with different polymorphisms of SNP_-796, SNP_-307 and SNP_-242 was amplified from genomic DNA of 'Dongnong 42', 'Aijiaozao' and 'Hefeng 50' using the specific primers listed in Supporting Information Table S11 , respectively. SmaI sites were introduced near the end of the PCR products, and the plant binary vector pGreenII-0800-LUC was treated with SmaI and used in a ligation with promoter fragments above using the In-Fusion cloning system (Clontech, Mountain View, CA, USA) to construct six vectors including pro (SNP_-796G and SNP_-307T)::LUC, pro (SNP_-796A and SNP_-307G)::LUC, pro (SNP_-307T)::LUC, pro (SNP_-307G)::LUC, pro (InDel_-242ATA):: LUC and pro (InDel_-242normal)::LUC ( Figure S1 ). All these recombinant plasmid vectors were introduced into Agrobacterium tumefaciens, GV3101 by electroporation, and were transformed into tobaccos as described previously (Sheikh et al., 2014) . Firefly and Renilla luciferase activities were assayed using the dual-luciferase assay kit (Promega, Madison, WI, USA), and the transient activity of the GmGBP1 promoter was expressed as the ratio of firefly to Renilla luciferase activities. The assay analysis was carried out using a Multiscan Spectrum (TECAN Infinite 200 PRO, M€ annedorf, Switzerland). Three independent experiments were accomplished, and for each experiment, three biological replicates were analyzed. The transformed tobaccos leaves were sprayed with 1 mM luciferin (Heliosense: http://www.heliosense.com/) at 4 h after the beginning of the darkness in SDs. The luminescence signal was captured using the Amersham Imager 600. (General Electric Company: https://www.ge.com/).
GmGBP1-RNAi plasmid construction and transformation of soybean cotyledon nodes
Samples of 1 lg of total RNA were used for reverse transcription. The primers were listed in Table S12 . For GmGBP1-RNAi construction, 505-bp specific sequences in the GmGBP1 mRNA were selected for construction of RNAi fragments. A cDNA fragment of GmGBP1 was amplified by PCR with GmGBP1-i-F and GmGBP1-i-R primers. The GmGBP1-specific PCR products were recombined into the vector pDONR201 (Invitrogen, Carlsbad, CA, USA) by Gateway BP reaction. Gateway LR recombination reaction was conducted according to the manufacturer's protocol to incorporate the GmGBP1-specific fragment into the binary T-DNA destination vector pJawoh18 for RNAi pJawoh18-GmGBP1 constructs . The constructs were then transferred into the A. tumefaciens strain, LBA4404. Transgenic soybean plants expressing the pJawoh18-GmGBP1 constructs were produced as described previously . Cotyledon nodes of soybean seeds from the cultivar 'Dongnong 50' were used for Agrobacterium-mediated transformation and the viable calluses were selected on SIM with PPT for 10 days. Non-transformed soybean seedlings were used as a positive control. Transformed RNAi soybean seedlings validated for GmGBP1 silencing by qRT-PCR showing the corresponding desired phenotype were grown into the next generation.
Experimental design for photoperiodic response
A factorial design was used to analyze the effects of photoperiod on the duration of the vegetative period. Plants were sown on May 9th at the soybean research institute, NEAU, Harbin, China in 2015. T 3 generation 'Dongnong 50', GmGBP1-i-4 and GmGBP1-i-6 soybean seeds were firstly sown in small pots, and after the cotyledons fully developed, the positive seedlings detected by qRT-PCR were transferred to plastic pots with dimensions of 30 cm height 9 25 cm diameter at the top and 15-cm diameter at the bottom. After the first trifoliate leaves were fully developed, the plants were exposed to three different photoperiods: short days (SDs), natural days (NDs) with a varied day length and long days (LDs) (Huber et al., 1984) . At least 15 plants of 'Dongnong 50' and two GmGBP1-i, soybean lines were treated for three different photoperiod treatment conditions in spring sowing seasons. Under the SDs treatment, seedlings were placed under natural sunshine for 8 h, followed by 16 h in darkness from 3 p.m. to 7 a.m. The LDs treatment was set to extend artificial light from 4 to 6 a.m. and from 6 to 8 p.m. The light source was incandescent bulbs with photo synthetically active radiation (PAR) above the canopy at approximately 50 lmol s À1 m À2 when the bulbs were the only source of light. The height of the bulbs was set to guarantee the uniformity of light intensity above the plant canopy.
To evaluate the GmGBP1 gene effect on photoperiod control of flowering responses, the value of the response index was indicative of significant sensitivity to the photoperiodic effect. The sensitivity to photoperiod was described by the parameter PRS before flowering, which was calculated as the delay of the duration from emergence to flowering when photoperiod was lengthened (Fei et al., 2009 
RNA-seq, statistical analysis and qRT-PCR validation of differentially expressed genes
For RNA-seq, T 2 generation transgenic GmGBP1-i-4 and wild-type 'Dongnong 50' seeds were grown in soil in SDs, at 25°C in a greenhouse. Seedlings from 20 days seedlings were harvested for RNA expression analysis of wild-type and GmGBP1-i-4 plants and were evaluated at 12 h point after dawn in 20 days trifoliate leaves in SDs. Total RNA was isolated and the RNA samples were treated with DNase I (Takara, Shiga, Japan) for 4 h for three biological replicates. RNA quality of all samples was assayed via a Bioanalyzer (Agilent Technologies, Boeblingen, Germany). The cDNA library preparation, RNA-seq sequencing, and assembly were performed following the manufacturer's instructions (Illumina, San Diego, CA, USA) on the Illumina sequencing platform (HiSeTM   2000) by Beijing Genomics Institute, Shenzhen, China (http://www. genomics.cn/index). The raw reads were first filtered by removing the adapter sequences and low-quality sequences. Clean reads were used in de novo assembly and read-mapping to the transcriptome. RNA-seq data were de novo assembled using the SOAP denovo assembly program. All Illumina reads from the wild type and GmGBP1-i-4 were aligned to the soybean reference genome annotation database (http://www.phytozome.net). For identification of differentially expressed genes, log 2 ratios were calculated with the reads per kilobase of exon model per million mapped reads (RPKM) value of every gene with P-value ≤0.001 and false discovery rate (FDR) ≤0.05. Nineteen downregulated and nine upregulated gene expression levels in GmGBP1-i-4 were further detected by real-time PCR validation. Primers are listed in Table S13 .
Quantitative real-time RT-PCR analysis RNA isolation and GmGBP1 quantification have been described previously . Real-time RT-PCR amplifications were performed using the real-time RT-PCR kit according to the manufacturer's instructions (TaKaRa, Japan) on CFX96 Touch TM Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). Approximately 1 lg of total RNA was used for each reverse transcription. Each amplification reaction was performed with 1 ll of the resultant cDNA first strand solution, 0.2 lM of each primer and 29 SYBR Green PCR Master Mix in a total reaction of 20 ll. The PCR cycling conditions were as follows: 95°C for 5 sec, 60°C for 20 sec, 72°C for 20 sec for 40 cycles, and 60°C for 1 min. Relative transcript levels of candidate gene were evaluated against soybean actin 4 (GmACTIN) (GenBank Accession Number AF049106) reference gene in three replicates. Figure S1 . Schematic diagram of different constructs for transient reporter assays. Figure S2 . The relative LUC activities of the pro (SNP_-796A and SNP_-307G)::LUC, pro (SNP_-796G and SNP_-307T)::LUC, pro (SNP_-307T)::LUC, pro (SNP_-307G)::LUC, pro (InDel_-242ATA):: LUC and pro (InDel_-242normal)::LUC effector constructs in tobaccos at 12 h after dawn in SDs, respectively. **P < 0.01, Student's t-test. Figure S3 . Quantitative real-time RT-PCR analyses of GmGBP1 gene in T 1 GmGBP1-i transgenic lines. *P < 0.05 and **P < 0.01, Student's t-test. Table S1 . General information and phenotypic data of 308 accessions used in this study. .  Table S3 . The average and variance coefficients of traits in six environments. Table S4 . Nucleotide diversity and neutral test of the GmGBP1 gene. Table S5 . Details of the polymorphisms (MAF > 5%) identified in the GmGBP1 gene of 278 varieties. Table S6 . Analysis of variance for testing the significant differences of four traits among different haplotypes. Table S7 . The growth period of soybeans with variable SNP_-796 and SNP_-307 sites in six different environments. Table S8 . List of soybean genes down-and upregulated in GmGBP1-i-4 soybean leaves in SDs. Table S9 . Fold analysis of 19 soybean genes downregulated and nine soybean genes upregulated in GmGBP1-i-4 soybean leaves in SDs. Table S10 . The sequences of the primers for PCR. Table S11 . The sequences of the primers for PCR. Table S12 . The sequences of the primers for PCR. Table S13 . The sequences of the primers for qRT-PCR.
